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Abstract

A non-thermal mechanism, relating the radiation emission to the
rotation of a collapsed star surrounded by a relatively dense plasma in
the star strong magnetic field, is presented. The fundamental role in
the process is plaved: (i) by the electric field component parallel
to the magnetic field lines which is allowed by the large anomalous
plasma resistivity; (ii) by the scattering, for instance due to plasma
collective effects, of the electron parallel energy and momentum into
transverse (to the magnetic field) energy and momentum. Then an
explanation of pulsar emission and a model for x-ray sources are
proposed. A mechanism for the acceleration of high energy cosmic rays

is also suggested.
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I. Introduction

Among the most striking features of pulsar emission are the
sharpness of the period and, in many cases, the constancy of the
pulse characteristics. These facts strongly support the idea that
the emitting region is remarkably small and stable.l Since the
discovery of the two pulsars PSR0833 and NP0532 in remnants of

supernovae,z'3 it has been generally accepted that pulsars are

associated with collapsed objects, which are most likely to be neutron

stars.4 Particularly significant for NP0532 is its optical identi-
fication with the star that Baade and Minkowski suggested5 as the
collapsed core of the Crab Nebula, following the original super-
nova theory advanced by Baade and Zwicky.6
On the basis of evidence available at present from laboratory
plasmas, we propose a plasma mechanism to account for the most
evident physical characteristics of pulsar emission, including the
production of x rays and the acceleration of high-energy particles.
We shall make spécial reference to the best known pulsar (NP0532) in

the Crab Nebula and also suggest an application of the same model

to x-ray sources.



II. The Plasma Emission Model

Following the arguments proposed by previous authors,4 we assume that the
condensed stars associated with pulsars are strongly magnetized and rapidly
rotating, as a consequence of gravitational collapse and of angular momentum
and magnetic flux conservation. We use the rotation as the timer for the pulsa-
tion mechanism and as the principal energy source for the emission process. In
order to be consistent with the observation of periodically spaced radiation
pulses, the magnetic field is assumed not to be symmetric about the axis of
rotation, for example, a dipolar or quadrupolar type with its principal axis not
aligned with the axis of rotation. The star is assumed to be surrounded by a
relatively dense plasma supported by the magnetic field as indicated by the
approximate equilibrium equation7

n, .
qEL(Z—I)+eZ(3iL-u )x£+m. (wg“_‘_-u.' Vu ) =0

1

)

Here n, and n ; are respectively the electron and ion density, Z is the ion

charge number and m its mass; g, is the perpendicular component of the gravity
AR
\ (%)
is the electric field transverse to

acceleration; B is the magnetic field; E
B; and u, -u the relative velocity of the ions with respect to the electrons
[y wld wed

in the same direction. The charge separation Z - ne/ni is very small as we shall
see and, in virtue of the high magnetic field, its effect, which will tend to
prevail over that of the gravitational and centrifugal force,is compensated by
a very slow drift of the ions relative to the electrons.

We now recall that, according to Baym et al.,8 in a highly condensed star
superconductivity can occur; therefore, the magnetic field cannot diffuse across
it, but co-rotates rigidly. Then, if we consider the region inside the light

cylinder, where W T <co~r is the radial coordinate — the effect of electron

(%) as seen in sn inertisl frame
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inertia is negligible and the electrons are rigidly tied to the magnetic field
lines and to the star rotation.

We will use from here on the indices L and 1 to denote components perpen-
dicular and parallel to the magnetic field. Therefore in an inertial frame

there will be an electric field E, given by:

EL = -u xB (2)

L g

wheremgo =W xr is the rotation velocity. In view of the expected low values

of J, (the transverse current density) the resistive contribution of the term
HLJl is considered to be small, n indicating the electrical resistivity. 1In

general there will be also a parallel electric field E“ in a corotating frame,

so that the Poisson's equation is:

n
-V“ E, =V - (uoxB)-l-lmeni(Z—i) (3)

where e(Zni - ne) is a residual charge separation whose magnitude will not
affect appreciably our considerations. This electric field generates a current

along the B lines and is related to it by a large anomalousg’lo’11

resistivit
Y Man
that is mainly due to interaction between particles and plasma collective modes

rather than to electron-ion collisions,

Lr =n g dw o (4)

where J , = -e o, Yon (the ion current is negligible). We shall discuss the
evaluation of anomalous resistivity eventually and recall that this arises
because of the strong plasma turbulence that is excited when the electron flow
velocity L exceeds certain critical values.

First, we notice, as pointed out in 12, that in the case of the Crab
Nebula pulsar w, = 2 x 102 rad/sec and B at the star surface is likely to be

~ 1012 G, so that at this surface (r = R ~20 km) we have



E, = 4% 1012 V/em . (5)

L

It is evident that, even if E, is a small fraction of E, , particles can be
accelerated along the magnetic field lines by a field that is much larger than
that of gravitation.

Second it is important to realize that mildly relativistic electrons
vy = s/mc2 ~ 1) lose their perpendicular (to }.3.,) energy by cyclotron radiation

with maximum power at frequencies
w Qe =1.76 x 10’ B sec”! .

The time scale of energy loss from an electron is

8 -2

T = 2,58 x 10° B “ sec .

For a value of B = 1012 G, we have Qe =1.76 x 10

T ~2.58 x 10-16 sec. Clearly, this energy loss does not contradict Eq. (1)

19 ssecm1 (x~ray band) and

and does not force the plasma back to the stellar surface, contrary to the con-
clusions given in ref., 13.

Third, it is possible to transfer transverse energy again to the electrons
via plasma collective effects maintained by the parallel electric field., This

process is well-known in plasma physics, and has been the object of recent

theoretical works.lo’14 In the presence of a plasma wave with frequency w, a
particle-wave resonance occurs that leads to the energy e:xc‘nange.lo’]‘5
Hw + A€p =0 |, 6)

where Hw is the energy of the excited mode and ASP is the exchanged particle ®
energy. Now AEP =0ey 4+ be, | with Aen = mVy° Ayﬁw and
Aey = no‘HQe (Q o = electron gyro-frequency), and n is an integer. The

momentum balance equation is

%1- p=0 )
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where k is the mode vector, and A p the exchanged particle momentum. Again,
Anr. A

we have Ap = Agil + Agl, with Ap ., =m AV > and Ap ., is taken up by

e w b

the magnetic field. The resonance condition is then:

w+n Q- k,v, =0 . (38)

For w « wpe (the electron plasma frequency) and

We < Qg > )

Eq. (8) then shows that the actual energy exchange with the wave is negligible.
Fourth, since a plasma wave with w z:wpe exists (i.e., is not heavily damped)

only if w > k

pe " vthe’ v

the being the electron thermal velocity, we see that the
electrons participating in the resonance (8) have to be well superthermal.
Therefore the electron distribution f has to possess a sizeable tail of super-
thermal electrons, as is expected in the presence of longitudinal fields E|
lérger than the critical runaway field Erun (see Fig. 1). We recall that Erun
is the field for which the electron flow velocity, as limited only by electron-
ion collisions, would reach the electron thermal velocity. So a typiecal
"runaway' distribution is a Maxwellian with a long tail of relatively few fast
electrons. This is a common situation for laboratory plasmas in a strong mag-
netic field and with an electric field E, applied along it.16 Notice that in
our case E" /Erun will be a function of r and we expect that the regime where

( °E/ IV, )v 0, as indicated in Fig. 1, be also localized in space.

L
= 7
i f e/k"
The result of the interaction described above is a decrease of longitudinal
energy of the electrons, and an increase of their transverse energy.
In addition to or instead of this mechanism, pitch angle scattering of the

fast particles can be provided by simple collisional effects, which, given the

high density values under consideration, are bound to play an important role.
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The transverse energy is then emitted in the form -of cycictron
radiation #nd the power output -- is evaluated by considering the
fraction nE/n of superthermal electrons, whose total density is n_% ngp, which
at any one time are provided with perpendicular energy.

Therefore

w = 3.08 x 10-15 B2 ng erg/(sec-cm3) (10)

is the emitted power density at wa §2e. Notice that a ratio of ns/n Q{lO-z is

commonly obtained for E"Q‘Erun in laboratory plasmas.l7 For the case of the
Crab Nebula pulsar the total power emitted is W ~ 1036 erg secul, mainly in the
x-ray frequencies. With Bt~'1012 G and assuming that the emitting region is a

shell of thickness d above the stellar surface (R = 20 km), we would need:

12 3 -1 cm-3

np % 6.6 x 10 , (11)

11 cm-3 if & % 10 cm, as it was suggested on the basis of

i.e., np % 6.6 x 10
dispersion Weasurements of radio puil_ses.:L

Referring to the Maxwellian part of the distribution, we shall assume an
electron temperature Te:g 106 °K, in agreement with a commonly accepted esti-
mate of the temperature at the surface of a neutron star,19 and a density
n - 1020 cm-3 so that a cutoff at the plasma frequency of the optical radiation
may be possible, in order to explain the high peaks of pulsed radiation observed

in this band as we shall later see. Under these conditions, the classical re-

sistivity caused by ion-electron collision is

/2

N = 1-65x 107 [T, (kew)1™? 1npA Ohm-cm , (12)

where InA= 32.8 - 1.15 loglo n+ 3.5 log10 Te (keV). For the chosen values of

n and T , we obtain In/A ~ 6.3 and Nep 3.3 x 107° ohm-cm. We notice that
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the corresponding runaway critical field is

A A 6
run ¥ Ne1%® Vene © 3 x 10° V/en, (13)

and in our case we expect sz Erun' Notice that for E,.(:(.E_L and

n, X lO20 cm-3 the relative charge separation appearing in Egs. (1) and (2)

is of order 10—9. Under these conditions, it is well-knownzo that the actual
plasma resistivity can be orders of magnitude higher than that quoted above,

as a result of wave-particle interactions that transfer parallel energy and
moméntum into transverse energy and momentum and of other processes11 associated,

for instance, with ion-sound or two stream type instabilities. By comsidering

only the former process one can argue that the actual resistivity is of the

order of
e
Nan ® Ne1 £ (‘(} ) (14)
pe
R , , 10 R 12
where £ is a fast growing function of fle/wpe. So if B ~ 107" G and
20 -3 4

n,= 1077 em 7, Qe/wpe ~ 3 x 107, and there is little difficulty in building up

a large resistivity and then accepting the existence of a large electric field E,

at the equilibrium. Notice that the condition V-J = O inferred by the equili-

brium gives V,E, ='L'v"qan-,13n‘11&1’ and in view of its dependencelo’11 on

B, the term ‘7"l1an is certainly # O.

As in laboratory experiments, there will be also few "fugitive"
perticles that are able to undergo a full acceleration process and
remein unaffected by classical and effective collisions due to
plasma collective phenomena.l6 So the presence of electric fields
E, would slso provide a mechanism for particles to attain very high

energies and contribute to the high energy tail of cosmic rays,
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ITI . Application to the Pulsar Problem

We point out once more that the emission and acceleration process
previously described is energetically sustained by the star's rotation,
which is the largest energy source. As many authors have proposed,

in the case of the Crab Nebula pulsar the rotational energy is likely

to amount to ~ 1048 erg, if w,= 2 x lO2 rad/sec and I (moment of

44 gm/cmz. Therefore the present emission rate could

be maintained for -~ lOSy. We also notice that all of the conditions

inertia) ~ 10

required for the occurrence of our mechanism are satisfied quite
close to the stellar surface. This will then ensure the perfect co-
rotation of the emission region and therefore the stability of the
pulse period and shape, which are the most important requirements
for any pulsar theory.

Four more points have to be discussed: +the origin of the
pulses, the spectrum of NP0532, the lack of optical and x radiation
from pulsars other than NP0532, and the slowing down of the period.

1. We have assumed that the considered magnetic configuration
does not have its poles aligned on the rotation axis. Thus the
emission process that we have outlined is expected to be more
efficient in the magnetic polar regions where the magnetic field
lines converge. We may recall that magnetic stars show evidence
of enhanced activity at the polar regions. Therefore we would
expect to observe a stronger signal when these polar regions point
toward the Earth during the star's rotation. Bohm—Vitense22 has,
in fact, shown how a dipolar structure can reasonably explain the
presence of double pulses and intermediate pulses, when rotation

enables us to see both polar regions. By means of a quadrupolar



structure we might also explain composite pulses. We also recall
that Qe>> w pe’ so that x-ray frequencies can freely be transmitted
through the plasma and we expect to observe the emission from the
whole star with enhancement at the poles. In fact, for the Crab
Nebula pulsar23 the detected x~ray pulses are only ~ 5% above the
nebula background (that we consider to be significantly contributed
by the direct star emission); in addition primary and secondary
pulses are comparable in intensity, are quite wide and not well
separated.

2. The proposed cyclotron radiation from superthermal
electrons in a strong magnetic field can explain the total
power emitted by NP0532 in the x rays. The spectrum due to
this process alone is expected to have a maximum in the x-ray
region, steeply decreasing at optical and radio frequencies,
and more slowly decaying in the y-ray region. On the other hand,
present observations suggest an overall spectrum with two dis-
tinct maxima: one at radio frequencies, and another at optical
or x-ray frequencie524. For this we‘notice first of all that
non linear mode-mode coupling15 would give nonlinear decay to-
ward lower frequencies than the x band, with sufficient effic-
iency to explain the level of power emitted in the optical and
radio spectra. This process is ineffective for extending the
spectrum in the Yy region, so that no comparable power emission
should be observed in this band. In fact the higher harmonics
of the cyclotron mechanism give a distribution several orders of

magnitudes below the maximum.
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With reference to the radio emission we notice that another

mechenism of emission is to be related with the low frequency

(less than “%e and the ion gyro-frequency) modes that are

induced by the flowing current J,. There are several modes of
this kind, longitudinal or transverse, with different directions
of propagation relative to the magnetic field, which have been
theoretically investigated and correlated with the experiments.
For instance, one of these is due 10 & current gradient25 dJ“/dr
and snother one, of greater interest, has frequency uazk“ KTe m.
being of ion sound wave type, occurs for'ue“>]/gaz75; , is longi-
tudinal, propagetes along the magnetic field lines, and is associated
with electron thermal conductivity or Landau damping in

the seme direction. lodes of this kind can in turn couple

to trensverse waves with typical frequencies and wevelengths

falling in the observed radio spectrum. So we expect a

strong preferentisl emission in the direction of the
megnetic axis in sccordance with the observation of the
opticel and radio high narrow peaks of NP0532.25’27

3. Thus far, the Crab Nebula pulsar is the only observed pul-
sar emitting over a wide range of frequencies. All attempts to
detect optical radiation from other pulsars have failed. From energy
considerations and from results concerning the slowing down of the,
period it is quite reasonable to conclude that only relatively young
pulsars have x and optical radiation, and that this phase has quite
a short lifetime. Moreover, since rotation is the source of the

emitted energy, we may consider the period as a measure of the



-11-

pulsar age. The period of PSR0833 is only approximately three ti:es
longer than that of NP0532; nevertheless PSR0833 has only radio
pulses. Therefore, although there is no reason to believe that the
two pulsars were born with the same physical characteristics, a
sharp aging process would have to be considered, followed by a

long radio phase. For this purpose, we recall that the existence of
the plasma collective effects providing particles with transverse
energy was related to the existence of a "runaway" regime; that is,
to the presence of a sizeable tail of superthermal electrons with
non-zero derivative for v, = Qe/k“ (Fig. 1) where k"XDe <1, ADe

being the Debye length. On the other hand we know that the

appearance of this tail is a very sharp function of E"/Er

of the form16

an’ typically

-E E
n, ® n e run/ "o

where Er is given by Eq. (13). We shall assume that this is still

un

so for our model, and that Erun is replaced by (E to

run)eff g Erun

take account of the effects of plasma turbulence and interparticle
collisions. Therefore, radiation emission by our mechanism will

take place where E,/(E is larger than or of the order of 1.

run)eff
To explain the transition from the case of NP0532 to that of

PSR0833, we assume that for the latter star, because of its initial

conditions and of aging, which implies slowing down of rotation and

probably decrease of T is no longer suffic-

the ratio E,/(E

e’ run)eff

inet to maintain an adequate population of fast particles that make
the particle-wave resonance represented by Eg. (8) prevail over
ordinary Landau damping. This corresponds to the resonance w+k,v,=0,
which generally involves a considerably larger number of particles

(Fig. 1). Then we are left with the low-frequency modes that are
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excited by the current J, produced by the electric field E,, whose
typical frequencies are in the radio band, as we said above, and

whose propagation is strongly correlated with the magnetic field
direction. So the resulting transverse waves could be linearly
polarized and the highly regular rotation of the plane of polarization
during a pulse of PSR0833 (Vela) could be related to the rigid rotation

of the magnetic field lines.28

4. As we have indicated, the plasma emission is not the only
energy loss of the star; in fact, the most efficient loss is prob-
ably the magnetic multipole radiation. In fact we can evaluate the
29,30

radiation to be ~103% erg/sec for a value of B ~ 10'%G.

dipole surf

With reasonable assumptions on the physical parameter of the star,
these forms of radiation could explain quite well the lengthening of
the Crab Nebula pulsar period, but they seem to be in contradiction
with recent experimental work on the second derivative of the period.31
If these results are confirmed, a gquadrupole radiation would appear

32 Therefore we suggest a rotating magnetic

to be more suitable.
quadrupole radiation emission, which seems to be compatible with a
simple geometry and reasonable magnetization densities. We notice
that this type of emission is characterized by very low frequencies,

and is therefore completely absorbed by the nebula or the interstellar

gas surrounding the star.



-13-

IV, nDiscussion

We summarize our conclusions as follows.

1. A segquence of plasma processes, which have been observed througl
laboratory experiment and theoretically investigated, can account for
pulsar and x-ray emission on the basis of the large rotational energy
and the high values of magnetic field that are associated with a
collapsed star.

2. The considered process for radiation emission occurs close to
the star, within the "light speed cylinder" (Rc = c/wo),_where the
particles are rigidly tied to the rotating magnetic field lines. This
is important to explain the rigorous synchronism of the pulse seguence
for the pulsar emission and the regular pattern of the radiation
polarization.

3. The fregquency range of maximum emission, for a given rotation
frequency, depends on the intensity of the magnetic field, and, there-
fore, is related to Qe -the electron gyrofrequency- and to the ratio
E“/Erun' Erun being the critical runaway electric field, which controls
the magnitude of the superthermal tail in the electron distribution
function. So for the Crab Nebula pulsar, if B ~ 1012G, as indirect
theoretical results seem to suggest, the maximum of the spectrum can
be expected to be in the x-ray region (@, = 1018 rad/sec), and no
comparable radiation should be detectable in the vy rays.

4. The optical radiation emission is considered to be strongly
correlated with the x-emission and resulting for instance frem a non
linear process of mode-mode coupling (frequency decay) that leads to

emission at lower frequencies and with considerably smaller energy output

This is consistent with the fact that for the Crab Nebula pulsar, the
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ratio of energy emitted at x~ray frequency to that emitted at lower
frequencies is large. The emission in the radio band can also be
contributed by a similar process, but in addition the contribution of
plasma low frequency modes, excited by the current longitudinal to the
magnetic field, has to be considered. We also notice that the thick
plasma surrounding the collapsed star provides absorption below the
plasma frequency for propagation across the magnetic field. Hence,
referring to the Crab Nebula pulsar, we expect little absorption for
the x rays and considerable absorption for the optical and ypper
radio bands, that we consider as resulting from a process of" frequency
decay. Thus we can explain why the x-ray pulses are only ~5%
above the general background that we consider significantly contributed
by the star emission, are wider than the optical pulses, and are

accompanied by a secondary pulse of the same magnitude. On the
contrary, the optical and radio pulses, at the upper hand of the radio
spectrum, are guite narrow and well above the star background. The
lower end of the radio spectrum could instead be attributed to the
low frequency modes so that the progressive pulse widening as the
frequency decreases may be justified.

5. The sharp transition feom a Crab-type pulsar to a Vela-type
pulsar, characterized by a shift of the maximum of emission from x rays
to radio waves, is interpreted as being due to a decrease of the value

of E.,/Er , which causes the high-energy tail of superthermal electrons

un
to be depleted and the mildly relativistic cyclotron emission in the

x-ray region to stop. Under these conditions, only low-frequency

modes, driven by the current longitudinal to the magnetic field, survive.
Hence, we can expect a strongly enhanced radio emission in the direction of
the magnetic axes so that the plane of polarization is strongly referred

to the magnetic lines. _So during the rotation this plane sweeps across

the signal, as observed in PSR0833.
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6. We recall that the Crab Nebula appears as an extended x-ray source,
whose power is ~s 10 times larger than the pulsed component, and also as an
optical and radio source. Many efforts have been made to explain this emission
on the basis of synchrotron mechanism by highly relativistic electrons in the
nebula magnetic field.33 The main difficulty in all the models proposed so far
is the requirement of a continuous injection of high energy electrons. For this
our model provides a relatively small population of electrons which, under the
influence of E", are able to escape the effects of interparticle collisions and
plasma collective phenomena attaining very high energies (y>»» 1). These fast
electrons are then slowed down by synchrotron emission while travelling across
the nebula and contribute to the extended radiation emission that is observed.

Additional processes of particle acceleration connected with the rotation
of a multipolar magnetic field are likely to take place around and outside the
"light speed cylinder" (Rc = c/wo); in this case both mildly and highly rela-
tivistic accelerated electrons can be supplied., So the overall effect of these
two principal acceleration mechanisms would be to provide particles for the
synchrotron emission from the Nebula on a very large spectrum.

7. The particles that are able to escape the effects of interparticle
collisions and plasma collective effects, undergoing almost free acceleration
by E, close to the star and are not affected by the nebula, will then contri-
bute to the high-energy tail of the cosmic-ray spectrum. So, the combined high
values of rotation and magnetic f£ield of a collapsed star can provide a mechanism
for high-energy particle acceleration, with the consequence that a sizable
cosmic-ray anisotropy should be present at very high energies.

8. PFinally we point out the possibility of interpreting other x-ray
source533 in terms of rotating collapsed bodies. Observational results on the
optical counterpart of Scorpio X1 do in fact suggest that this is actually a

. 34 . . . .o .
neutron star or a white dwarf. Again for Scorpio X1 radio emission is also
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detected.35 Our mechanism could then be correctly applied to the interpreta-
tion of point x sources; they would differ from NP0532 mainly for the absence

of the regular pulse pattern. This could be due to lack of observations of
special regions of enhanced emission, either because no magnetic polar regions
are present or because we are never swept by the polar beams. We would then
observe the steady emission of X rays and, depending on the plasma density around
the star, also radio and optical emission. The absence of a nebula in the
vicinity of the star would in these cases make the source be point-like to the

observation.
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Note: The importance of the frequency (g, in the magnetic field

close to a collapsed star, for the pulsar emission process and
the consequent prediction of the observation of pulsed x rays from
NP0532 were reported by the authors in a paper given at the Meeting

on the Physical Aspect of Pulsars (Scuola Normale Superiore, Pisa,

Italy, April 1969).
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